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Abstract
Recent dynamic compression data for carbon is discussed which suggest that
metallic carbon has unexpected thermodynamic properties, both ‘in having_a
iower density and eﬂergy of formation and a higher melting temperature. On
the basis of these properties the diamond phase of carbon is now predicted to

transform to a solid phase of metallic carbon at all pressures above the
graphite triple point.

*Hork performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore Laboratory under contract #W-7405-Eng-48.



1. Introduction

Although the light group IV elements, C and Si, are expected to transform
to metallic-like phases at sufficiently high pressures and/or temperatures,
relatively little is definitely known about the temperature-pressure (T-P)
boundary for this transition or about the properties of the metallic phases.
In addition to their essential role in determining the stability field of the
diamond phase, these metallic phasés have both technological anci geophysical
importance, connected primarily with how they will mix with other metallic
solids and liquids. For example, in their intersti_tial compounds with trans-
ition metals, C and Si can be viewed as combining with the transition metal in
the metallic phase.l

Exper imental phase diagram data as well as setrti—thedretical arguments have
been used to predict the extreme parts of the carbon phasé diagram. Most

recently Van Vech te_n2

has made predictions based on scaling the volume
changes observed in the corresponding transitions for the group IV and III—V
intermetallic compounds and on a simplified dielectric theory for internal
energies. For carbon a substantial part of this predicted high temperature
boundary of the diamond (0) phase with the metal (B) phase lies adjacent to a
liquid phase as illustrated in Figure 1. Although the Van Vechten procedure
predicts transition pressures within experimental error for many III-V and
I1~-VI compounds,2 recent data3 reveals significant disagreement with
détailed predictions of the dielectric theory for these compounds. In the
case of carbon the phase diagram predictions must be considered ‘a particularly
severe test of the Van Vechten procedure because of the extreme atomic volume
and bulk modulus of diamond (relative to the heavier elements) togethér with

the extreme simplifications made in the dielectric theory.
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Conventional equilibrium measurements of the thermodynamic properties of
carbon in the vicinity of the metal transition are not yet possible because of
the high required pressures and temperatures. There is however a varietybof
exper imental evidence for the existence of metallic carbon. Bundy's extensive
pulse heating exper ime.nts. below 20 GPa on the graphite diamond system appear
to have located the graphite-diamond-metal (y-o-8) triple point® and consti-
tutes the most direct experimental evidence for the existence of the liquid
metallic phase. This experimental triple point at'; ~4000 K and 12.5 GPa is
somewhat lower than predicted triple point shown in Figure 1. In addition
there is preliminary evidence of reversible changes of state in a diamond cell

5a

apparatus at pressures of 170 GPa~~ and a rapid increase in electrical

conductivity of diamond in a high stress "indenter" apparatus at a high but

5b

indeterminate stress. More recently a 51gn1f1cant amount of hlgh den51ty

dynamic shock compression data on carbon has become avaulable6 -3

and pro-
vides further but confusing evidence for the metallic phase. On the one hand
single-crystal diamond data provide evidence for the o8 transition within the

range of expected transition pressures at low temperature (e.g. see Figure 1).

. Hmever shock compression data on a variety of forms of graphite appeax: to

rule out the possibility of the expected diamond trans:.tlon to a dense
metallic phase at higher temperatures. More detailed discussions of these
data and their interpretation 'are p‘resented. in éections 3 ahd 4.

In order to resolve this data paradox and to understand its broader impli-
cations concerning the properties of carbon at extreme conditions we have made
use of a conservative phenomenological equatlon—of-state {F0S) model for the
various solid and 11qu1d phases of carbon. The merits of this model and its
application to carbon are reviewed in section 2. After fitting the available

data the resulting solid metallic phase of carbon is found to be more stable
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then the liquid all along the boundary with the diamond phase. The properties
of the metal phase leading to this prediction are theoretically evaluated in
the concluding section by a systematic comparison with known metals and with
some preliminary electron band-structure calculations. The adequacy of our
interpretation of the present data could be tested both by a more extensive
and accurate data base of the current type as well as by more novel data as

discussed also in section 4.

2. Equation-of-State Modeling

In order to avoid the difficﬁlt problem of constructing any kind. of
reliable microscopic theory for the condensed phases of carbon we have used
reasonable phenomenological models for the free energy of all carbon phases
whose parameters, it turns out, may be adjusted to fit available experimental
BEOS data. For instance in'the» a(diamond) phase an adequate HOS of the quasi-

. harmonic Grineisen form can be determined simply from high temperature thermo-

10,11

physical data and recent ultrasonic velocity data on single crystal

6

diamond.” According to quasi—hamm‘ic theory the thermal free energy,

Fth' and Gruneisen ratio, FG’ are related at high temperature to a

Griineisen characteristic temperature €., defined as the geometric mean

lattice frequency, by

. dJ?,nGG
Fup = ~3RT &0 (T/85), Tg = gpnp o

The remaining static contribution to the elastic energy of the lattice can be
determined from the measured pressure variation of sound velocities:in
diamc:rxd.6 For pyrolytic graphite (assumed to adequately represent "single

crystal" graphite) shock velocity data7 can be similarly combined with high
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temperature thermophysical data to give a reliable BOS for the v (graphite)
phase of carbon. 1In this case the Griineisen coefficient is determined
primarily by the behavior of the ratio of thermal expansion coefficient to
specific heat at high temperatures. Table 1 contains the HOS parameters used
for the y and o phases of carbon. The parameters in the table fram which the
elastic energy is derived are the usual shock velocity coefficients in the
relationship between shock velocity, D, material velocity, U, for plane shock
waves and normal sound velocity CB'

D=C.B+SU,V s =3 (18" (2)

We indicate here also how S is related to the rate of change of bulk modulus
with pressure, B', as determined from sound velocity data. The static lattice
energy is obtained from the Hugoniot PH(Q) locus, determined by Eq. (2),

after subtracting the thermal energy and pressure derived from Eq. (1). In
making this subtraction we have assumed slight linear 'volume dependence of

I‘G “(towards 0 and 0.5‘at Zero volmf\e respectively for diamond and

graphite). When the o phase is‘assigned an internal energy of 2.4 kJ/gm-at
relative to the y phase (at standard conditions) the 300 K transition Y-¢ is
found by free energy equality to occur at 1.3 GPa and the T-P phase boimdary

is in close agreement with Bundly's4

estimated boundary up to the triple
point (see Figure 1). We therefore assume that the y and a phases of carbon
behave thermodynamically like normal Grimeisen solids at all T and P of
interest.

There are also reasohs to expect that, at least thermodynamically,
fnetallic (B phase) carbon may be "normal". For instance the analagous group

IV metal, white-tin, has, in spite of its low symmetry, a normal corrected
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entropy change at melting, a "normal" specific heat behavior in the liquid
pha«s.e12 and satisfies the Lindemann law. A general liquid BOS model having

13 on the basis'of

these "normal" properties has previously been formulated
the properties of low melting point metals and an extensivé amount of computer
simulation data for many particle systems with pairwise interactions. In this
formulation the Lindemarn law, expressed most accurately in terms the excess

thermal free energy F)t-fh at melting from Eq. 1, can be written in its

normal and “"compression" form as

o T aenT
th _ _3 M - M _ 2
- -Rr—b"x = 8.074 5 2.1’]( v2 3 92) ;s A Z oo = ZPG 3 {3)
AWA G
= 6.05 + 0.1

 Thermal EOS properties in the liquid phase then depend simply on T = T/‘I‘M,

the temperature écaled to the melting temperature characteristic of the

- density, as derived from an excess specific heat which decreases by a factor
of 1 + 0.1 T in the liquid phase. The scaling-law BOS model has been success-

13

fully applied to experimental data for a variety of metals™ and in partic-

ular to the metallic phase of Si where dynamic shock compression data, high
'temperature thermophysical data and phase diagram data were cEit.l4 On the
basis of this experience we feel justified in claiming that the liquid model

can be used to represent an average liquid BOS for metallic carbon over a wide

range of pressure and temperature.

3. Determination of Metallic Carbon FOS Parameters

There are three types of experimental FOS data on carbon which have been

considered independently for evaluating the metallic HOS parameters. Since
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this data is limited and intrinsically not of high precision in some cases,

the FOS parameters are not conclusively determined. It is therefore appro-
priate to briefly summarize our modeling procedure.

We first make use of the dynamic compression data, both ultrasonic6 and
shock velocity8 data on single crystal diamond, which provides direct exper-
imental evidence for the o-B transition. In Figure 2a, the two sets of data
are compared in a D-U plot (using CB and S from Table 1) where the data can 'k
be seen to be inconsistent. The discrepancy in the intercept of the shock |
velocity data with the measured bulk sound speed is %5 times larger than
normal for carefully measured shock data in well characterized material
samples. Because of the steeper slope of the ultrasonic data, however, the
two sets of data can be combined by assuming there is a bend in D at U = 3.7
km/sec (as indicated by the bar) corresponding to a shock pressure v 200 GPa.
If the break ié attributed to the metallic transition, there are two ways to
interpret the linear shock data beyond the break. It can represent the linear
DU re]_afcic_n of the metal phase which is only slightly denser than the Gdiamond
phase, or it may lie in a two-phase region of a transition with large
AV/VO. The latter possibility corresponds to the Van Vechten model and,
because of the lafgé non-equilibrium effeC£s eipected in such cases, does not
allow any significant thermodynamic information to be extracted from the D-U
data beyond the break. However in the former case we have been able to locate'

a "best" fit to the compressibility properties of the metal phase, Bl, as

shown by the first four columns of Table 1. 1In this search we varied the
normal densitf fy over the range which permitted the diamond shock data

above 2 Mb to be fit by Hq. (2)7 foi: t'he- metal phaée. For derisities greater
than the table value, it becomes necessary to add a significant quadratic term

to Eq. {2) and for lower densities the metal phase tends to become more stable
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than the diamond phase at zero pressure and 300 K. This procedure is not
sensitive to the assumed value of PGO because the amount of irreversible
shock heating in diamond samples is relatively small.

We can next determine the thermal parameters in our metal equation-of-
state model, TMO and FGO’ (GGO from Eq. (3)) at the reference density, p
= pgr by fitting the second set of data, the pulse heating data in the
vicinity of the y-o0~-B triple point.4 Somewhat to our surprise we found in
this step that the diamond phase could not be stabilized with respect to the
metal near the observed triple point unless a high melting temperature is
assumed, in which case it is the solid metallic carbon that is in equilibrium
at the experimental triple point. In his experiments on the crystallization

of diamond from unalloyed graphite by pulse heating Bundy4

detected the

metal transition in large pulses at pressures above the triple point. He
furthermore concluded that the metal phase was likely to be a liquid phase
from the appearance of the mixed diamond-graphite cores that are recovered
after the experiments. Except for this latter conclusion however which will
be further discussed in section 4, the phase boundaries in Figure la of
metallic carbon, described by the parameters for Bl in Table 1, are in
satisfactory agreement with experimental data. Phase diagram calculations for

a variety of thermal parameters show that the calculated triple point is more

A choice of 1.1 for T

sensitive to TMO than T GO

Go*
' triple point significantly.

does not change the

' For comparison we have generated the HOS of a higher density metallic
carbon phase, ﬁv, with a scaling BOS model. With parameters shown in Table
1, the scaling model produces an equilibrium phase diagram in close agreement
with Van Vechten's2 except for unessential diifferences near the diamond-

metal triple points (see Figure 1). BAs a starting point fram which to vary
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parameters -in the latter search, we Scaled our previously discussed HOS model
for metallic Si. The differences in these (Bv) parameter values from £hose
of the Bl model can be readily understood. The high pressure, low tempera-
ture transition can be broughtb about at the same pressure but higher density by
increasing its energy of formation, AEO However to obtain the same
graphite triple point with a larger AE,, one must lower the free energy of

the metal by lowering its Debye and melting temperatures.

4. Agreement with Low Density Carbon Shock Data

A third source of useful experimental data is the extensive set of shock-
6ompression experiments on various kinds of low density carbon.-]"9 Although
these experiments were the first to detect the graphite-diamond transition,
they have not been as useful for extracting equilibrium thermodynamic proper-—
ties of the high density phase because of the large overdriving shock pres—.
sures required to induce the graphite transition to di:»:unoncl.7 By restrict-
ing our attention to the data at very high pressure and temperatures above the_
graphit;e trénsiti?h, we may hope to obtain more reliable thermodynamic data
pertinent to the diamond-metal (o) transition. Figure 2b shows the recently

9 on three.types of graphite. A large scatter is

published data of Gust

evident in the data for porous Ceylon and synthetic gi:aphite samples which

presumably arises from the expected non-uniform density in porous samples.
The comparison between experiment and theory is most clearly made in the

| exper imental velocity plane of Figure 2. For this reason the calculated

equilibrium graphite Hugcmots in the vicinity of the o-B transition are shown

in Figure 2b far both the high (Bv) and lower density ( l) metal model.

The comparison first appears to tell us that some non~equilibrium effects are
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present near the o-B transition, since the transition breaks are not evident
and neither metal model (or any suitable interpolation between the two)
closely fits all the graphite data.

Secondly, although the a—Bl transition cannot be explicitly seen for the
B, model, the data is roughly consistent with an equilibrium transition for
Ceylon graphite and overdriven transitions (by 10-15% in shock velocity) for
both pyrolytic and synthetic graphites within the range of the data. On the
other hand if the Bv model is indeed the real one, the shock data for all
three forms of graphite must lie below a very large overdriving stress which
is required to initiate the transition on the time scale of shock compression.
This appears unlikely however in view of the extremely high diamond tempera-
tures that would be reached at the h:_‘.ghest shock stresses (6000-7000 K). It
would also appear to be inconsistent with our original assumption that the
crystal diamond Hugoniot ‘t.mdergoes a transition at v 200 GPa at a much lower
shock temperature (™ 1000 K, see below). We conclude therefore that the
graphite shock data étrongly favors the lower density, 81 model for metallic
carbon.

A selection of this same graphite data is plotted in the P-p plane in
Figure 3 together with high pressure shock data on porous carbon samples from
several Russian reports. A number of points from the latiter sources, which
are circled, represent data on very thick samples (1 to 7 centimeters) in
which non-equilibrium attenuation of the shock wave (on a usec tiﬁé scale)

15

should be minimized. This data oconfirms the errors in earlier data which

was claimed to have indicated the diamond-metal t:ra\nsit:icm.lG

The data
sources displayed in Figure 3 appear to be consistent within a large scatter

although the theoretical order of the Hugoniots with porosity is barely
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visible. The inconsistency of the shock data with the equilibrium Hugoniot
for the BV metal is even more evident. |

In order to further clarify the thermcdynamic and experimental conse-
quences of our models for carbon metal we have plotted in Figures 1 and 4 the
equilibrium phase diagrams for the two métaliic carbon models together with
the equilibrium Hugoniot paths for various graphs. For instance, note in
Figure 1 for the BV metal that, if the equilibrium Hugoniot was followed by
experiment, an unusual lowering of the Hugoniot temperature with pressure
would occur as a result of following the phase boundaries. If on the other
hand the Hugoniot remains metastably in the diamond phase, as the shock
velocity measurements would imply in this case, the Hugoniot temperature
should increase steadily while the electrical resistivity would remain high up
to the highest pressures. Figure 4 shows the corresponding Hugoniot paths in
the phase diagram for the Bl metal. Shock temperatures here increase
smoothly through the phase transition while the electr ical resistivity
decrease down to the metal range. Pulsed x-ray crystallography may also
possibly be able to distinguish between the diamond and metallic phases at the
highest shock stresses. Our approach provides no guidance, however, as to
which crystal phase (or phases) should be expected. Note that the estimated

triple point from GE experiments4

is close to that calculated for the By
metal and that an'unobserved nearby second triple point is also predicted.

The closeness of the two triple points in both pressure and temperature will
make the exper imental reoognitioﬁ of the solid phése moreb difficult. 1In the
'GE pulse heating experiments the probable conditions of the sample at maximum
temperature were less well determined than in the graphite melting exper iments

and the presence of graphite in the recovered core was mot satisfactorily

explained. More experimental data in this region would be of interest. (I am
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indebted to Dr. F. P Bundy for both discussion and correspondence on this
matter.) On the other hand the closeness of the triple points raises the
possibility that relatively small deviations in the thermodynamic properties
of the liquid phase from "normal" model behavior, which lower its free

energies, might lower the melting line to the 0~B transition line.

5. Ewvaluation _of Metallic Models

A fault of our procedure for normalizing the metal HOS so far is kthat
separate groups of parameters ('I'M ‘ I‘GO) in the thermal part and (CB, S,
AEO) in the sta.tic lattice energy are adjusted independently of each other
without any limitations corresponding to the requirement that they be derive-
able from the same many-body interactions between carbon atoms. Only in a
lowest "fluid continuum" (Debye) approximation to the thermal EOS can these
interelationship be simple enough to be tested by our model. In this low
approximation there are two relationships which should be approximately
satisfied. First if the melting temperature satisfies a Lindemann property,
then it should be proportional to the bulk modulus times the atomic volume of
the solid. Secondly, the Gruneisen ratio should be related to the pressure
derivative of the sound velocity, or, through relation (2), to s. We use a

17 11e

form of the relationship preferred in BOS modeling for metals,
Dugdale-McDonald formula which states that PGO = 25-1. Since both relations
are very approximate we must not expect corresponding ratios to be constants
but rather to vary in a small but systematic way through the periodic table.
In order to see how consistent our hypothetical constants are in this sense
with those of other related metals, we have collected a number of parameters
for the second row and group IV metals in Table 2. It can be seen in the

Table that, judging by the tabulated quantities, metallic carbon is more
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distantly related to its other group IV members than it is to its second row
neighbors or than the other group IV elements are to each other. In the
second row the trends shown by the melting temperature and gamma ratios
slightly favor the Bl model although the distinctionvis not large in view of
the fluctuations in the tabulated ratios. Note that in Table I we have
tabulated GDO = SGO/el/3 and in Table II compared it with experimental
eD from lov temperature specific heats.

It appears feasible at this time to obtain a reliable theoretical model
for the metallic phase of carbon by means 'of a mventimal electron band-
structure calculation. As a preliminary step in this direction A. K. McMahan
of our laboratory has investigated the bcc and foo crystal structures of
carbon which turn out to be metallic at low pressures. The zero-pressure
densities were found to be significantly less than that of diamond, apparently

not favoring the high density of the model.

BV

Miedemal has successfully utilized a high density carbon model with a
very large AE,, like that of the B, model, to explain the heats of forma-
tion of the transition metal carbides. The implications of the lower values
of Pq and AEO of the 81 model for such alloy models are now under study.

In conclusion it has been demonstrated that experimental HOS data
(virtually all "dynamic") favors a metallic phase of carbon characterized by
lower densities and higher melting temperatures than had previously been
expected it isr perhaés rbt surprising that strict group-IV scaling éhould
not be followed in this case in view of the exceptionally high atomic density
and bulk modulus of carbon. Various experimental methods of distinguishing
between these models were outlined based on dynamic methods of measuring

temperature, resistivity and crystal structure in shock-wave exper iments. The
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full predicted EOS of carbon based on fitting the Bl model to current data
is plotted in Fig. 5. It shows a very large stability field for a single solid
metallic phase. Tﬁis single phase should not be taken too literally inasmuch
as our B 1 model may represent the average behavior in this field of several
metallic or semi-metallic phases with relatively small thermodynamic differ-
ences and approximately "normal” melting behavior, as appears to be the case

for metallic Sn and some group III-IV compomds.3
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Carbon po
Phase gm/cc
Y 2.267
o 3.51
B1 3.75
By 4.65

Cs
cm/usec

.475

1.122

1.37
1.07
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Table 1
S AEb eDO
kJ/gm at K
1.5 0 1478
1.26 2.4 1850
1.0 33 1693
1.4 122 969

Pp ~ reference density in standard state (300 K and 1 atm)
C.'B - shock velocity parameters to fit to experimental data, D = CB+Su
AEO - internal energy in standard state of given phase relative to that of

the graphite

1.5
1.8

eDO’ Tvo* PGO — Debye temperature, melting f.emper-ature, and Gruneisen

coefficient at reference density, 0

a - Data of GMX-6 group, LASL (LA-4167-MS,
v 0" atomic volume

A

By - bulk modulus in standard state

* - fram ref. 14

0
Table II

Metallic V,, By G Tuo o T
Element (cc/mole) (GPa) (K) " (R) BOVAO
Li 13.02. 10.9 352 454 .9 3.20
Be 4.89 119 1160 1557 1.15 2.68
B 4.66 183 1315 2498 1.4-1.8  2.93
CB1 3.20 700 1693 6000 1.5(1.1) 2.68
Cgy 2.58 534 969 2400 1.8 1.74
Sig* 9.06 67 350 900 2.2 1.48
Sng  16.30 55 195 505 2.1 0.56

Pb 18.27 45 119 600 2.7

0.73

1.1332

1.124a

1.0
1.4
1.4
1.4862
1.463

1969, unpublished).

6000
2400

25-1
0.71

0.92

(1.1)
1.0
1.22
1.06
1.41
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Figure Captions

Fig. 1 Carbon temperature-pressure phase diagram for a high density metallic
phase (BV) . Hugoniot temperatures for various types of low density
carbon: s——synthetic graphite, d—porous diamond, c—Ceylon
graphite, p—pyrotylic graphite. Experimental triple point—O.
Solid and liquid metallic phases are indicated by 8 s and Bg .

Fig. 2a bynamic compression data for single crystal diamond:

diamond shock (D) vs particle (u) velocity data—0,
ultrasonic velocity data—1line through the bulk sound speed "Cg"
intersection— p—]

Fig. 2b Comparison of graphite shock velocity data with model calculatims.
For visual clarity solid lines have been drawn through the graphite
data (0, A ). Bl and Bv indicate model velocity calculations.

p—calc. Hugoniot for pyrolytic (DO = 2.26 gm/cc)
C—calc. Hugoniot for Ceylon (oo = 2.16 gm/cc)
S—calc. Hugoniot for synthetic (DO =1.78 gm/cc)
Fig. 3 P-p graph of high pressure carbon shock data:
S—synthetic graphite, p—pyrolytic graphite, t(TP)-——oz—Bl transition
P0 a—extrapolated ultrasonic compression curve |
PO Oi——extrapolated B, metal compression curve
—-——Hugoniots for Bl metal phase, showing diamond metal and
melting transitions |
— —the same for BV metal phase showing diamond-metal

transition
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Fig. 4 Carbon temperature—pressure phase diagram for the Bl model of
metallic carbon. See Fig. 1 far notation. Two triple points, tl

(T,P) and t2 (T,P), between graphite, diamond, and/or metallic

carbon are predicted.

Fig. 5 Pressure BOS surface for carbon predicted with Bl metallic carbon. -
Same notation as Fig. 1. Crystal diamond Hugoniot indicated by x.
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